The peptidoglycan cell wall is essential for the survival and shape maintenance of 13
also demonstrate that the polymerase activity of FtsW is required for its function in vivo. 23

Our findings establish FtsW as a peptidoglycan polymerase that works with its cognate 24
bPBP to produce septal peptidoglycan during cell division. 25
26
MAIN TEXT 27
Peptidoglycan is synthesized from the cell wall precursor Lipid II. This lipid-linked 28 molecule is made inside the cell and then translocated by Lipid II flippases to the extracellular 29 surface of the membrane where it is polymerized and crosslinked (Fig. 1a) . 5 The penicillin-30 binding proteins (PBPs), a major class of enzymes involved in peptidoglycan synthesis, were 31 identified because they are targets of -lactam antibiotics such as penicillin, which covalently 32 inactivate their crosslinking domains. The PBPs comprise several types of enzymes, of which 33 the most important for peptidoglycan synthesis are the class A PBPs (aPBPs) and the class B 34
PBPs (bPBPs). 9 The aPBPs contain a peptidoglycan glycosyltransferase (PGT) domain that 35
polymerizes Lipid II and a transpeptidase (TP) domain that crosslinks the resulting glycan 36 strands (Fig. 1a) . The bPBPs consist of a TP domain and a domain of unknown function. Some 37 bacteria also contain monofunctional glycosyltransferases (MGTs) that have homology to the 38 PGT domains of the aPBPs, and these proteins can also polymerize Lipid II. It is assumed that 39 the glycan strands produced by MGTs are crosslinked by PBPs. 40
The -lactam antibiotics are the most clinically and commercially successful class of 41 antibiotics in history. These drugs continue to be widely used for treating infections, but the 42 emergence of -lactam resistance in major human pathogens makes the identification of new 43 antibacterial targets a high priority. Proteins that are essential in all bacteria, such as those 44 belonging to the SEDS (shape, elongation, division, and sporulation) family, are particularly 45 appealing therapeutic targets. Phylogenetic analysis has shown that the SEDS proteins RodA 46
and FtsW are more widely conserved than the aPBPs.
2 RodA is essential in rod-shaped 47 organisms where it serves as a key component of the Rod complex (elongasome) that makes 48 side wall peptidoglycan.
9 FtsW, on the other hand, is required for the function of the division 49 machinery (divisome) and is essential in most bacteria regardless of their shape. 9 50 SEDS proteins have been found to form subcomplexes with bPBPs.
10,11 Therefore, the 51 recent discovery that RodA has peptidoglycan polymerase activity has led to the proposal that 52 SEDS-bPBP complexes form two-component peptidoglycan synthases with polymerase and 53 crosslinking activities on separate polypeptides (Fig. 1b) .
2-4 Accordingly, mutations predicted to 54 disrupt RodA interactions with its cognate bPBP (PBP2) cause the Rod system to malfunction in 55 vivo.
12 However, polymerase activity has thus far only been demonstrated for RodA from 56
Bacillus subtilis.
2 Whether other SEDS proteins like FtsW also function as peptidoglycan 57 polymerases remains unclear as does the effect of association with bPBPs on this activity. We 58 therefore expressed and purified FtsW alone or in complex with its cognate bPBP from several 59 organisms to investigate their ability to function as peptidoglycan synthases. 60
We first expressed and purified FtsW orthologs from the Gram-positive bacteria Fig. 1 ), but failed to detect polymerase activity (Fig. 1c) when the proteins were incubated with 63 their native Lipid II substrate ( Fig. 1d and Supplementary Fig. 2) . Strikingly, addition of the 64 cognate bPBP to the FtsW reactions resulted in the production of peptidoglycan oligomers 65 consistent with the stimulation of peptidoglycan polymerase activity ( Fig. 1d and Supplementary 66 Fig. 2 ). This activity was abolished when an invariant aspartate in or near the presumed active 67 site in FtsW was mutated to alanine, but not when the TP active site of the bPBP was 68 inactivated ( Fig. 1d and Supplementary Fig. 2 ). Furthermore, like RodA, the activity of the 69
StFtsW in the presence of its cognate bPBP (StPBP2x) was insensitive to the phosphoglycolipid 70 antibiotic moenomycin that inhibits aPBPs and MGTs ( Supplementary Fig. 3 Fig. 1e and Supplementary Fig. 4 To evaluate whether FtsW had a reciprocal stimulatory effect on bPBP activity, we used 117 an LC-MS based assay to detect peptidoglycan crosslinks. Peptidoglycan synthesized in vitro 118 was digested with mutanolysin ( Fig. 3a) . 16, 17 These digestions typically produce three readily 119 detectable muropeptide species: disaccharide (monomer) units with an attached pentapeptide 120 (product A), monomer units with an attached tetrapeptide resulting from hydrolysis of the 121 terminal D-alanine of the pentapeptide (product B), and two disaccharide units crosslinked by 122 TP activity (dimer) (product C) (Fig. 3a) . When StPBP2x was incubated with StFtsW and Lipid II, 123
we observed an LC-MS peak in the mutanolysin digestions corresponding to the dimeric product 124 ( Fig. 2b and Supplementary Fig. 10 ). Catalytic inactivation of StPBP2x led to the disappearance 125 of this peak, confirming that it resulted from TP activity of this enzyme. We observed the same 126 dimeric species when StPBP2x was combined with an MGT from S. aureus (SgtB) or with an 127 aPBP containing an inactivating TP mutation, S. pneumoniae PBP1a*. Because StPBP2x can 128 crosslink peptidoglycan strands produced by these other Lipid II polymerases, we conclude that 129 its activity is not dependent on its cognate FtsW partner. peptidoglycan in the absence of its cognate bPBP.
2 However, this activity was weak and may 139 similarly be stimulated by complex formation.
Recent genetic and biochemical results from our groups also suggest that the 141 polymerase activity of SEDS proteins requires an activation event beyond complexation with a 142 bPBP partner in vivo. 18 Amino acid substitutions in the pedestal domain of PBP2 in E. coli were 143 found to stimulate RodA activity in vivo and in vitro, and these PBP2 variants bypass the 144 requirement for MreC and other components of the shape determining system. 18 Similar 145 changes in FtsW and PBP3 from E. coli and Caulobacter cresentus were found to overcome the 146 action of division inhibitors and thus are thought to activate the divisome. [19] [20] [21] It therefore 147 appears that the synthase activity of SEDS-bPBP complexes from both the Rod system and the 148 divisome may be controlled by similar mechanisms within their respective machineries. The 149 development of peptidoglycan polymerase assays for both FtsW and RodA now sets the stage 150 for the molecular details of this regulation to be uncovered. 151
Another important outstanding question relates to the division of labor between FtsW -152 bPBP complexes and aPBPs during septal peptidoglycan biogenesis. In Bacillus subtilis, cells 153 remain viable in the absence of aPBPs, suggesting that the FtsW-bPBP complex plays a major, 154 possibly sufficient, role in this process. 22 Septal peptidoglycan synthesis in B. subtilis is directly 155 coupled to treadmilling of FtsZ, which colocalizes with PBP2b, the partner of FtsW. 23 However, 156 most bacterial species require at least one aPBP for viability. In S. aureus, the essential aPBP, 157 PBP2, is recruited to the septum and is thought to be crucial for cell division. 24 Contrasting with 158 B. subtilis, the initial rate of septal peptidoglycan synthesis in S. aureus is slow and dependent 159 on FtsZ treadmilling, but later in cytokinesis, peptidoglycan synthesis is independent of FtsZ 160 treadmilling. 25 Thus, FtsW may serve as the major polymerase during treadmilling-dependent 161 cell division, with PBP2 largely responsible for the subsequent treadmilling-independent phase 162 of peptidoglycan synthesis. SgtB and SpPBP1a, 0.5 µM) were added to a 1x reaction buffer (50 mM HEPES pH 7.5, 30% 295 DMSO, 2.5 mM MgCl2) containing BDL (2 mM) and E. faecalis Lipid II (10 µM) in a total volume 296 of 10 µL. The samples were incubated at room temperature for 5 min (SgtB and SpPBP1a) or 297 30 min (StFtsW). The reaction was heat-quenched at 95 ºC for 3 min and cooled to room 298 temperature before the addition of 1 µL E. faecalis PBPX (100 µM) to the reaction mixture to 299 label Lipid II/peptidoglycan with BDL. After 30 min, 11 µL 2x Laemmli sample buffer was added 300 to quench the labeling reaction. The samples were loaded into a 4-20% gradient polyacrylamide 301 gel (Bio-Rad) and run at 180V. After the products were transfer to the PVDF membrane (Bio-302 Rad), the membrane was blocked with SuperBlock TBS blocking buffer (ThermoFisher 303 Scientific) for 30 min. For detection of biotin-labeled products, IRDye 800CW Streptavidin (LI-304 COR Biosciences) was added at a final concentration of 1:5000 and the membrane was 305 incubated for 1 h. The membrane was washed 3 x 10 min with 1 x TBS, and the blots were 306 visualized using an Odyssey CLx imaging system (LI-COR Biosciences). 307 S. aureus FtsW and FtsW-PBP1*: SaFtsW and bPBP stocks (50 µM) were combined 1:1 308 and the mixture was chilled on ice for 30 min. The proteins (SaFtsW, 2.5 µM; bPBPs, 2.5 µM; 309 SgtB, 1 µM) were then added to a 1x reaction buffer (50 mM HEPES pH 7.5, 30% DMSO, 10 310 mM MgCl2) containing BDL (3 mM), moenomycin (2 µM) and S. aureus Lipid II (10 µM) in a total 311 volume of 10 µL. The samples were incubated at room temperature for 5 min (SgtB) or 1 h 312 (SaFtsW). The reaction was heat-quenched at 95 ºC for 10 min. After cooling, 0.5 µL E. faecalis 313 PBPX (200 µM) was added to the reaction mixture and the samples were incubated for 45 min. 314
Reactions were quenched by the addition of 10.5 µL 2x Laemmli sample buffer. The protocol for 315
Western blot was identical to the one used for StFtsW, described above. The samples were incubated at room temperature for 30 min. Following the incubation, 320 reactions were heat-quenched at 95°C for 2 min. After cooling, 2 μL BDL (20 mM) and 1 μL S.
